Abstract-A multiple-arm dipoles antenna array based on magnetic coupling is proposed for ultrahigh frequency (UHF) radio frequency identification (RFID) near-field application. The design utilizes four multiple-arm dipoles to form a square region fed by a quarter-wave impedance transformer doubleside parallel stripline (QDSPSL) structure. Broadband performance can be obtained for two different resonant frequencies caused by different dipole arm lengths. Moreover, in induction area, stronger and more uniform magnetic field distribution is generated for phases of currents on three dipole arms being kept in the same compared to conventional single-arm dipole. A 170 × 170 × 1.6 mm 3 antenna has been fabricated on an FR-4 substrate to fit RFID near-field application. The measured 10-dB impedance bandwidth is 190 MHz (810-1000 MHz), which covers the entire UHF RFID frequency band (860-960 MHz). Measured tests on the antenna read range are carried out, exhibiting a reading region of 100 × 100 mm 2 and 100% reading rate within 200 mm for near-field tags.
INTRODUCTION
Radio frequency identification (RFID) technologies based on magnetic coupling for ultra-high frequency (UHF) operations have been developed rapidly in the near-field item-tracking applications such as bottles of water, retail goods, and pharmaceuticals [1, 2] . As internal component of RFID systems, near-field reader antenna is required to generate strong and uniform distribution of magnetic field. Apart from this, licensed UHF bands are allocated within the 860 MHz to 960 MHz, so broadband performance of the antenna meeting different standards is necessary. Reference [3] gives a method to obtain strong H-field by four power-divider-fed single-arm dipoles, while the bandwidth is narrow (840-845 MHz). An electrically large zero-phase-shift line grid-array antenna is presented in [4] . It has a wide bandwidth and larger interrogation zone, however the 100% read percentage is achieved within 13.5 mm. [5] proposes dual-printed-dipoles for UHF RFID applications. In the design, the two printed dipoles compose a loop to provide in-phase current performance, and reading range is 37 mm (with Impinj UHF button). The antenna of Reference [6] can be applied well in near-field application and also achieve strong magnetic field, while the read distance is just 105 mm with an input power of 25 dBm. In addition, [7] achieves the broadband with taper structure, the antenna is also designed by single-arm dipole, at the center of which the magnetic field is lower than other places and field strength is below −5 dBA/m with an input power of 30 dBm. In Reference [8] , although circular-polarised antenna is proposed for RFID application. The magnetic field in near-field is weak and non-uniform and read range for near-field tag is just 35 mm. Besides, some other antennas such as planar antenna for opposite directed currents [9, 10] , complementary split ring resonator (CSRR) elements loading [11] and antenna with configurable reading area [12] are also adopted for UHF RFID near-field application and the bandwidth is narrow.
In this letter, a multiple-arm dipoles antenna array for UHF near-field applications is proposed and analyzed by ANSYS HFSS electromagnetic simulation software. Four straight multiple-arm dipoles form a square region where strong and uniform magnetic can be achieved. Phases of currents on the arms of the proposed dipole are kept in the same and that causes superposition of magnetic field in interrogation zone. Different arm lengths of multiple-arm dipole also bring different resonant frequencies, so broadband performance of the antenna can be obtained. Measured tests are carried out in terms of antenna read range for near-field tags. Large reading region of 100 × 100 mm 2 and 100% reading rate within 200 mm for near-field tags are exhibited. Measured performance in terms of reflection coefficient and tag detection is presented as follows.
ANTENNA LAYOUT AND PERFORMANCE
The proposed array antenna is composed of 4 straight multiple-arm dipoles fed by QDSPSL structure, printed on a 1.6 mm-thick FR-4 substrate with a dielectric constant of 4.4 and a loss tangent of 0.02 ( Fig. 1 ). Coaxial probe is adopted at the center of the antenna to feed multiple-arm dipoles. Length of one arm of dipole is less than λ/2 (L1 is set as 101 mm in the design), and parameter of other two dipole arms is L2. Currents on three dipole arms are kept in phase and strong magnetic field can be generated over antenna surface. Besides, parameter L1 and L2 influence the resonant frequency. This because different dipole arm lengths cause different resonant frequencies and broadband performance is achieved. Double-side parallel stripline (QDSPSL) based on impedance transformers is introduced to match the input impedance (50 Ω) and also avoid radiation influence caused by itself for magnetic field on upper and lower surface counteracting. Feed arm lengths include two different parameters, one of which is set as λ/4 wavelength (G1 = 48 mm) and the other parameter G2 is to achieve better impedance matching and obtain large reading region for near-field tags. Antenna configuration and parameters are as follows ( The antenna reflection coefficient is shown in Fig. 2 . It is below −10 dB between 810 MHz-1000 MHz covering the whole UHF band. In the design, parameter L1 is different from parameter L2 and this causes different resonant frequencies separately at 850 MHz and 980 MHz. So broadband performance of the antenna can be achieved. Figure 3 shows the simulated current distribution of the proposed antenna at 900 MHz. As can be seen, currents along three loops are kept in phase. Such current distribution generates strong and uniform magnetic field over the interrogation zone.
Vertical magnetic field (|Hz|, dBA/m) distributions at the height of 10 mm respectively along X and Y -axes are given in Fig. 4 . The input power is 1 W. As seen, compared to the conventional singlearm dipole antenna array [6] , the proposed multiple-arm dipole antenna array can achieve stronger and more uniform magnetic field over antenna surface. The field strength of the proposed antenna is above −2.5 dBA/m in the interrogation zone (50 mm≤ X ≤150 mm, 50 mm≤ Y ≤150 mm), while the field of single-arm dipole antenna array is below −5 dBA/m. Although interrogation zone gets smaller than induction zone of conventional dipole array (37.5 mm≤ X ≤162.5 mm, 37.5 mm≤ Y ≤162.5 mm), field strength is enhanced obviously. Such magnetic field distribution can achieve longer read range for near-field tags. Currents on three arms of the proposed dipole are kept the same, and this causes superposition of magnetic field in interrogation zone. Besides, out of the zone, field strength is lowered for magnetic field between dipole arms counteracting as currents kept in the same. And this avoids misreading of other near-field tags out of zone. Quarter-wave impedance matching structure is adopted in the antenna. The formula for the quarter-wave transformer is known as:
In this proposed antenna, the input impedance Z in = 50 Ω, R L = 36 Ω, and the calculated transformer characteristic impedance value is: Fig. 5(a) , the impedance bandwidth shifts down as the value of L1 is increased from 98 mm to 104 mm. As seen in Fig. 5(b) , when parameter L2 is set 38 mm or 50 mm, the impedance bandwidth becomes narrow, and good impedance matching cannot be achieved. To obtain broadband performance, L2 is optimized to 44 mm. Apart from this, Fig. 5 (c) exhibits reflection coefficients for different values of G2. When G2 gets large or small, broadband performance is influenced. So parameter G2 is set to 27 mm. Simulated magnetic field distribution of interrogation zone (140 × 140 mm 2 ) is shown in Fig. 7 . The height is separately at Z = 80 mm, 160 mm, 240 mm, and the excitation power is set 30 dBm. By increasing the height of zone from antenna surface, strength of magnetic field is lowered. When the height is at 80 mm and 160 mm, the magnetic field is up to −15 dBA/m in the whole region. Even when the height is at 240 mm, the magnetic field strength is still above −20 dBA/m. The magnetic field is enhanced obviously compared to single-arm dipole array.
To verify the performance of the multiple-arm dipole antenna array, the antenna has been integrated into a commercial desktop reader, and read range tests have been carried out. Measured system is set up in Fig. 8 . In this test, the near-field tag (Impinj J41, field strength at least −24 dBA/m,) and Imping Speedway Revolution reader R220 are chosen. The J41 tag is a commercial Monza 4 microchip tag using a 6-mm-radius (out radius) loop antenna. The read sensitivity of the chip is 17.4 dBm. Identifying the tag J41 requires the component of the magnetic field (normal to the surface of the antenna) to be at least −24 dBA/m. The antenna surface (100 × 100 mm 2 ) is subdivided into 5 × 5 square cells. Detection tests are repeated in each cell by varying the distance of the tag from antenna surface, setting an input power to 25 dBm. The measured heights are separately set to 80 mm ( Fig. 9(a) ), 160 mm (Fig. 9(b) )
